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Abstract 
The experimental study of the color centers activation in Bi-doped boro-alumino-phosphate glass by means a femtosecond laser 
irradiation was performed. The data of formation rate of laser-induced absorption centers in the glass bulk are presented. As a 
probable mechanism of bismuth glasses photoactivation a process of structural precursors recharging is proposed. This laser 
microfabrication technique opens up opportunities for active photonic crystals manufacturing. 
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1. Introduction 
In recent years, bismuth doped glasses attract huge attention as a perspective gain material for fiber lasers. Main 
reason for this interest is a successful experiment on optical excitation of NIR luminescence in such mediums [1]. 
The emission was found in the range from 1000 to 1700 nm for different wavelengths of the pump radiation [2]. The 
width of the luminescence bands is very high (300-500 nm), that opens up prospects for the development of new 
lasers and amplifiers in the near infrared range. The optical properties of Bi-doped glasses were consistently 
explored and great deal of experimental data has been collected. NIR luminescence was observed in alumino-
phosphate, alumino-silicate and other glasses [3-5]. A significant number of works is devoted to practical 
implementation of lasing in NIR range [6-8]. Significant efforts have been put to understand the structure of the 
color centers and identify the electronic transitions which are responsible for the infrared luminescence in the glass 
[9-12]. We emphasize, however, that despite many investigations, the nature of the luminescent centers is still a 
question and discussion is still open. 
A red luminescence band that was found in bismuth-doped glasses recently [13-14] is also receiving great 
interest. This interest is related to the search for non-toxic materials for utilization in high-power composite LEDs. 
Currently, there is consensus that the red color center is a Bi2+ ion. However, experimental data in this field are 
rather poor, mainly because an stabilizing of the divalent bismuth ion over its trivalent form in the glass matrix is 
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problematic.  
Obviously, to provide a strong luminescence in the red or NIR ranges a proper color centers with a certain 
configuration should be created in glass matrix. For that purpose the simple doping of sample by metal ions is not 
proper. Traditionally to solve this problem the optimization of chemical reaction conditions is employed. This is 
achieved by adjusting of glass synthesis parameters (temperature, pressure, etc.). However, there is an alternative 
way, involving the use of light to initiate the desired photochemical reactions in the matter and produce the 
necessary point defects. Recently it was shown that femtosecond laser irradiation can be used to color the Bi-doped 
glass in NIR range of spectrum [15]. To the best of our knowledge, a possibility to increase the red emission in 
bismuth glasses by means of intensive pulse irradiation has not been investigated up to now. 
In this paper, we report a study of the red luminescence photoactivation in Bi-doped glass due to its irradiation by 
femtosecond laser pulses. The data of formation and decay of laser-induced color centers in the glass bulk are 
presented. 
2. Experiments 
The laser system consisting of Ti-sapphire oscillator (Tsunami, Spectra Physics) and regenerative amplifier 
(Spit¿re,  Spectra Physics) was used in the experiments on laser irradiation. Laser pulse duration and repetition rate 
were respectively 120 fs and 1 kHz. Pulse energy was varied by half-wave plate and polarizer. Laser beam having a 
divergence of 0.1 mrad was focused into the sample by a lens with a focal length of 22 mm. 
The sample was moved synchronously with the laser operation on the programmed trajectory by a 3D translating 
table. During this motion the consecutive laser pulses irradiated overlapped micro-fields in the glass volume 
modifying the preliminary defined part of the sample. After the single cycle of the motion of sample the absorption 
and luminescence spectra of the irradiated field were measured and the whole cycle of irradiation and measurements 
was performed again. So far it was possible to observe the temporal behaviour of optical properties of glass. By the 
intensity of absorbance bands it is possible to determine the dynamics of the concentration of defects induced during 
depended on the type of spectral measurement. In the case of luminescence study this area coincided  with the beam 
waist of continuous wave Nd:YAG laser 2nd harmonics, 532 nm) which was utilized for the optical excitation of the 
electron subsystem of the media (Figure 1). In case of the measurements of optical absorption the laser-irradiated 
area coincided with the area illuminated by the beam of Xe lamp which propagated perpendicular to the laser beam 
(Figure 1). To obtain the absorption and luminescence spectra of the sample the spectrometer consisting of 
monochromator MDR-206 (LOMO-Photonics, Russia) and photomultiplying tube R928 (Hamamatsu, Japan) was 
used. The spectral coverage of the spectrometer was 200-900 nm. 
As an object experienced the laser irradiation we used the sample of bismuth-doped alumino-boro-phosphate 
glass with a molar concentration of Bi2O3 of 1%. The detailed description of the process of glass preparation and its 
thermal treatment can be found in [5]. After the cutting and polishing we obtained the transparent parallelepiped of 
sizes 2x8x15 mm with a gold-toned colour. 
 
 
Figure 1. Experimental scheme. 
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3. Results 
3.1. Dynamics of laser-induced activation of bismuth glass 
Figure 2 shows the absorption spectra of bismuth-doped alumino-boro-phosphate glass before and after the laser 
irradiation by 2, 4, and 10 pulses per point. The pulse repetition rate was 10 Hz, pulse energy – 15 μJ. One can see 
from the presented data that there are three main tendency in laser-induced modification of optical properties of 
bismuth glass. First of all, the significant increase of the absorption bands at 2.7 eV occurs. This band exists in non-
irradiated sample as well. Secondly, the new band centered at 2.2 eV with a bandwidth of 0.5 eV arises and rises 
extremely fast during the laser action. Third it is clear (Figure 2) that during the irradiation the value of absorption 
increase in whole measured spectral region and it is as fast as the light frequency rises. This behavior is definitely 
due to the significant increase of the UV absorption band which tail we are observing. 
Let us note that the proportion between the bandwidths (of bands at 2.2 eV and 2.7 eV) and the distance between 
bands allows certainly derive these bands from the spectra by Gaussian approximation and obtain there intensities 
by integration of the area under the proper Gaussian curves. The band intensity dependence on the number of laser 
pulses calculated from spectral data is shown on Figure 3 (left). For the UV band not the whole band were integrated 
but only its small part 1.7-3.5 eV, so far it is not correct to compare the intensities of visual and UV bands. Real 
intensity of UV band is much higher than the intensity of visual bands but the data presented on Figure 3 allow us to 
analyze the dynamics of laser-induced variation of absorption in the UV as well as in the visual range. It is clear that 
the variation rates of the intensity of all three bands are approximately the same so far the corresponding defects 
participate in the same chemical reaction. Let us also note that the rate of the laser activation of glass is extremely 
high: the concentration of color centers attains the saturation just after few femtosecond pulses.  
Figure 4 presents the spectra of optical luminescence of bismuth -doped glass before and after the irradiation by 
femtosecond laser pulses. The initial spectrum consists from a single band centered at 1.9 eV (660 nm) with a 
bandwidth of 0.3 eV. One can see that the intensity of luminescence greatly increase as a result of laser-induced 
processes. In addition, the shape of the band become unsymmetrical and its center shifts to the red, approximately to 
680 nm. To explain these observations one can assume that the luminescence spectrum of glass after its irradiation 
consists of two bands situated so close that they merge into the one unsymmetrical band. In this case the observed 
shift can be explained by different dynamics of raze of each band centered approximately at 660 nm and 690nm 
(Figure 4). It is not possible to derive the relative dynamics of these bands because they overlap to the great extent. 
Still it is possible that the increase of 660 nm band intensity is much smaller compared to the increase on 690 nm 
band. In particular some components of the spectrum of irradiated glass (Figure 4) are obtained with an assumption 
that the intensity of the band at 660 nm do not change due to irradiation at all. In this case the band at 690 nm 
actually is the result of the subtraction the initial luminescence spectrum from the spectrum of irradiated sample and 
it have a shape close to Gaussian. So far in the first approximation we can conclude that the new band at 690 nm 
arises and rises rapidly as a result of laser irradiation while the initial band at 660 nm is stable. It is worth to note 
that the observed dynamics of luminescence coincides rather well with the dynamics of absorption (Figure 3, left). 
That allows us to assume that the luminescence band at 690 nm (1.8 eV) as well as absorption bands at 460 nm (2.7 
eV) and 560 nm (2.2 eV) belongs to the same laser-induced color center. 
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Figure 2. Absorption variation of bismuth-doped glass during laser irradiation. 
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Figure 3. Dynamics of laser-induced coloration and the relaxation of color centers in bismuth-doped glass. Left – absorption dependence on the 
number of laser pulses, right – temporal evolution of absorption after the stop of irradiation. Points – experimental data, solid curves – data 
approximation in accordance with (2) (see the discussion bottom). 
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Figure 4. Optical luminescence spectra of bismuth-doped glass before (above) and after (bottom) irradiation by femtosecond laser pulses. Thin 
lines show the derived bands in the spectrum of irradiated glass. Line at 532 nm – laser radiation pumped the luminescence. The scale is the same 
on both figures. 
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3.2. Influence of laser heating on the optical properties of bismuth-doped glass 
The main characteristic of color centers produced in active glasses most important for their practical application 
is their stability. Figure 3 (right) shows the dynamics of the decrease of integral intensity of absorption bands after 
the stop of irradiation. One can see that at room temperature about 30% of centers decays after 2.5 hours. UV 
absorption decrease as well what is the evidence of the healing of laser-induced defects in glass matrix. The 
reasonable question is – to what extent the thermal decay of optical centers influence the rate of photo-activation of 
bismuth-doped glass. 
Let us remember that femtosecond activation occurs at rather high rates and to be able to observe the variation of 
optical properties the repetition rate of laser pulses in all described experiments was set to 10 Hz. To estimate the 
possible influence of temperature on the process of laser activation the irradiation of bismuth-doped glass with 
various pulse repetition rates was performed. Figure 5 presents the appropriate dependences of absorption at 560 nm 
(2.2 eV) on the number of laser pulses. It is well sees that on the early stage of laser treatment the rate of creation of 
defects become smaller when the pulse repetition rate increases. Moreover at pulse repetition rate of 1000 Hz the 
absorption and so far the concentration of color centers in glass begin to decrease after reaching some maximum. 
We connect the observed processes with laser-induced rise of temperature in the material which in some moment 
increase the rate of decay of color centers to that extent that it become higher than the rate of laser-induced 
coloration. Simple estimations confirm the assumption about the significantly higher heating of glass at high pulse 
repetition rate. The efficiency of cooling during the pulsed irradiation is defined by the pulse repetition rate between 
the sizes of laser irradiation area and the area of heat propagation between pulses. Irradiating beam diameter r was in 
our experiments around 8 μm. The size of the heat propagation during the time 1/f (f - pulse repetition rate) can be 
estimated as: 
 
rH § (Ȥ*Ĳ)1/2          (1), 
 
where Ȥ – temperature conductivity of bismuth-doped glass (calculated with the data from [5]). 
Then for pulse repetition rate of 1000 Hz rH ~ 20 μm, i.e. in this case the sizes of both areas are close (r ~ rH) and 
the media is not cooling significantly between pulses. As a result the next pulse come to already heated area and the 
temperature gradually rises during laser irradiation. For pulse repetition rate of 10 Hz r ~ 200 μm. In this case the 
sizes differ by one order of magnitude and we can consider the glass is cooling well. So far at high pulse repetition 
rates the laser heating can significantly influence the rates of chemical reactions and even the resulting direction of 
the process. As far as the use of such high pulse repetition rates is preferable in practical applications due to the 
ability to increase the speed of laser treatment of bigger samples the possible negative effects during laser activation 
should be carefully considered when the real schemes of irradiation are developed. 
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Figure 5. Absorption dynamics during irradiation of bismuth-doped glass with various repetition rate of femtosecond pulses. 
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4. Discussion 
The simplest model, which allows us to describe adequately the process of laser coloration of bismuth glass, is a 
general model of photochemical reactions in solids. We assume that there are a number of so-called "precursors" in 
the glass matrix, i.e. non-stable point defects, which have a certain probability to transform into active centers under 
external perturbation. There is a need to emphasize that a probability of a single quantum-mechanical act for 
precursor transformation to the color center is proportional to the laser assisted excitation of a molecular cluster in 
solid and does not change over time of processing. Then the photochemical reaction rate is proportional to the 
number of precursors which exist currently in the optically excited zone. This condition leads to simple differential 
equation that has following solution: 
 
n = n0*(1-exp(-N/N0))          (2), 
 
where n - the instantaneous concentration of defects, n0 - initial concentration of precursors, N - the number of laser 
pulses, N0 - a constant which determines the probability of a single active center formation, depending on the 
intensity of external influence.  N0 characterizes the rate of the photoreaction and equals the pulse number needed to 
decrease the precursor concentration to 1/e level. Note also that if we consider an inverse reaction - degradation of 
the active centers - the general view of formula (2) does not change. In this case, the constant N0 will include both 
the probabilities: center formation and its decay. Figure 3 (left) shows the curves approximating the experimental 
data. The photoreaction constants N0 calculated for all absorption bands were quite closed to 2 laser pulses. The 
question about possible specific mechanisms of this photochemical reaction is still open, because, as already 
mentioned, there is no consensus about the proper nature of color centers and corresponding precursors. However, 
here we try to propose general model of investigated coloration process explaining its main feature - an extremely 
high rate. 
Generally speaking, the mechanisms of defect formation in solids under the intensive pulse irradiation are not 
clear in details. According to modern concepts a process of laser-induced coloration includes three stages. First, as it 
is well known, passing through media the photons are absorbed by means linear or nonlinear mechanisms, exciting 
the electronic subsystem of the lattice. Further, during the relaxation of free electrons and holes a significant 
migration of the carriers is probable. So, the carriers can change its location in the lattice. If this charge 
redistribution has occurred, a reconfiguration becomes possible for both atomic clusters: lost and captured an 
electron. Nowadays, only certain aspects of this complex process are studied: for example, self-localization of the 
excited exciton pair [16] or the capture of carriers by lattice defects. But a clear physical picture of relaxation 
rearrangement of molecular bonds in the crystal, and more so in an amorphous matter has not yet been built and all 
researchers have to use as basis some empirical facts and analogies with previously studied materials. 
One could easily see that the observed formation rate of UV absorbing centers in bismuth glass is extremely high 
in comparison with rates of point defects generation in pure glass without impurities. For example, for the light-
induced modification of fused silica under femtosecond irradiation the value of the constant N0 is more than 104 
pulses [17]. The simplest assumption which can explain that just a few laser pulses are needed for formation of 
structural defects in bismuth glass is the following. A doping of glass by bismuth ions results in an appearance of a 
remarkable number of electron traps, which can effectively capture free electrons which arose for glass ionization by 
laser radiation. On one hand, such traps, being charged, create luminescent centers. On the other, they initiate the 
formation of UV defects in the glass matrix.  
Let’s consider the process in more detail. During propagating through glass the femtosecond pulse can initiate the 
photoionization of matter and creation of electron gas with a concentration of carriers more than 1019 cm-3 [17,18]. 
From a physical point of view, this is a result of photon absorption, which causes excitation of electrons from the 
valence band.  The electron delocalization affects the oxygen bond deeply and can be described by the following 
photoreactions: 
 
[M=O] + hȦ ĺ [M-O]+ + e-         (3), 
 
where M is the atom of aluminum, boron or phosphorus, O - oxygen one, e- - electron and hȦ - photon. Such a 
nonlinear photoionization can be initiated by multiphoton or tunneling absorption. Also it can be caused due to 
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collisions with other electrons heated in the strong electromagnetic field. Then free electrons quickly relax from 
conduction back to valence band. Typical lifetimes of solid-state plasma in one-component pure glasses are very 
small: ~ 100-200 fs [see eg. 18]. Over such short time the heavy ions can’t move far from their positions and the 
possibility of the oxygen bond damage in the matrix of the pure glass is quite low. In contrast, in the presence of 
impurity centers a number of free carriers can be captured by traps: 
 
TBi + e- ĺ TBi-           (4), 
 
where TBi – bismuth-based trap. We believe the charged trap TBi- is the color center that absorbs in blue (2.2eV and 
2.7eV) and emits in the red spectral range (1.8eV), according our experiments. Obviously, the intensive capture of 
excited electrons has further implications. Indeed, since electron has been irretrievably lost by molecular cluster and 
can’t relax, being trapped, last one is now having unlimited time to change its configuration. So, in time after pulse 
the oxygen bond will be broken unavoidably, forming oxygen-deficiency and oxygen-excess defects that result in 
increasing of the absorption in the UV range. Thus, in both the visible and UV regions the new color centers appear, 
that is observed in the experiment. The rates of the bands intensity growth will be approximately equal because of 
the both reactions use the same electron that is lost by one defect and captured by another. 
5. Conclusion 
In summary the experimental study of laser color centers activation in Bi-doped alumino-boro-phosphate glass 
was performed. It was found that under the femtosecond laser irradiation there is a significant growth of the 
absorption intensity for the 2.7 eV and 2.2 eV bands. These processes are accompanied by a remarkable increase in 
the UV absorption of glass. In the visible region the rise of luminescence band 1.8 eV was found. The laser-induced 
changes occur very rapidly, within few laser pulses, and the absorption growth rates are nearly equal for visual 
bands and UV one. The corresponding photochemical reaction constants were calculated. As a probable mechanism 
of glass photoactivation the process of the structural precursors recharging is proposed. Role of femtosecond 
radiation is to initiate a process of nonlinear ionization of the glass matrix and to produce a plasma with sufficiently 
high carrier density in order to recharge almost all precursors in just a few laser pulses. It was shown that about 30% 
of laser-induced defects decompose at room temperature for 2.5 hours. In particular, at high irradiation frequency 
the laser-induced heating of matter could significantly affect the rate of photochemical reactions and even reverse its 
direction.  
Thus, our study has shown that femtosecond laser irradiation increases locally the luminescence efficiency of Bi-
doped glass. Such approach allows to perform bulk microprocessing of transparent material with spatial modulation 
of their lasing properties and develop laser synthesis of active photonic crystals. 
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